People have an enduring fascination with the biology of the oceans. When the BBC's 'Blue Planet' series fi rst aired on British television almost a quarter of the nation tuned in. As the diversity of science in this special issue of Current Biology attests, the ocean presents a challenging environment for study while also exhibiting some of the most profound and disruptive symptoms of global change. Marine science has made major advances in the past few decades, which were primarily made possible through important technological innovations. This progress notwithstanding, there are persistent challenges in achieving an understanding of marine processes at appropriate scales and delivering meaningful insights to guide ocean policy and management. Naturally, the examples chosen below betray my ecological leanings, but I hope that many of the issues raised resonate with readers in many different disciplines.
Tooling up to understand the oceans
New technology has allowed marine scientists to make great progress in understanding contemporary biological mechanisms as well as historical processes. Two defi ning characteristics of the oceans are their vast size and relative inaccessibility, which means that gathering data has always been diffi cult. Yet, one of the most signifi cant developments in recent years is the surge in publicly accessible data, particularly from satellites. The European Space Agency, for example, recently launched the sensor Sentinel 2, which collects data with a 10 metre resolution that are freely available. Data acquisition is repeated every fi ve days, providing unprecedented opportunities to measure the dynamics of coastal ecosystems including seagrass beds, mangroves and coral reefs [1] . Satellites are also revolutionising the management of offshore fi sheries. Near real-time measures of ocean primary production [2] are allowing fi sheries managers to restrict vessel access dynamically, rather than permanently closing larger -and often unnecessarily large -areas as a means of controlling fi shing effort [3] .
Satellites are also enabling animals to help scientists collect data inadvertently. In the Southern Ocean, for example, sensors fi tted to seals have recorded more than 165,000 dives measuring a variety of oceanographic profi les, which are then transmitted to researchers via satellite [4] . Not surprisingly, the wealth of data on animal movements, primarily through acoustic and satellite tags ( Figure 1A) , is unveiling the intricacies of their biology and ecology [5] . For example, pop-up satellite tags fi tted to Chilean devil rays revealed that while they are frequently observed near the sea surface, they undertake extraordinarily deep dives down to 2000 metres [6] . It seems likely that diving behaviour allows them to feed on deep sea fi shes and thereby serve to transfer nutrients from the deep sea to the surface [7] . In other words, the oceans are more strongly vertically connected than previously thought. This example also illustrates how scientifi c disciplines can complement one another, with behavioural studies of one species informing the nutritional ecology of the wider system.
The growth in data availability has been paralleled by advances in computing and collaboration. Ten years ago, only a handful of researchers had access to complex 3-dimensional models of coastal water circulation [8] . Today, simulated datasets on the hydrodynamic dispersal of marine larvae -so-called 'connectivity data' -have become commonplace [9] . These 14 N -has been used as an indicator of trophic level (primary consumer, secondary consumer, etc). However, it has generally been assumed that changes in  15 N across trophic levels are independent of species and diet. However, metaanalyses of extensive datasets reveal a more complex picture such that the rise in 
15
N becomes proportionally smaller at higher trophic levels [18] . When these nonlinearities are incorporated into analyses of trophic structure, it appears that the 'apex' position of the largest shark species, including the great white (Carcharodon carcharias), has been underestimated [18] ; a pattern that is consistent with new dietary analyses arguing that moderately-sized reef sharks are in fact mesopredators rather than true apex predators [19] ( Figure 1C ). Thus, the largest sharks have a more unique role than previously assumed.
Ecologists frequently struggle to measure processes over appropriate time scales, typically because research grants rarely extend beyond fi ve years. Yet, innovations in geological dating techniques are now closing critical gaps on the scale of years to decades. An example can be drawn from the rate at which the skeleton of dead corals is naturally eroded by the feeding and burrowing activities of reef fi sh and invertebrates, so-called rates of bioerosion ( Figure 1D ). A series of live corals were tagged in 1998 but then experienced total mortality shortly thereafter because of a combined episode of coral bleaching ( Figure 1E ) and a hurricane. The coral skeletons were sampled 13 years later and the age of the surface limestone determined [20] . The analysis revealed that around 1 centimetre of skeleton had eroded over the 13-year period. Given that the top 5-10 centimetres of certain corals have a fi nger-like structure that provides a refuge to young fi sh from predators, it appears that this nursery function of corals might take multiple decades to disappear when corals are dead.
In short, the rise of mass open source data, innovation in measuring biological processes and collaborative approaches to analysis is bound to create a synergy that will accelerate the pace of discovery in marine biology.
Some questions are new but some just get harder
Inevitably, science uncovers new questions, several of which are described within this special issue. For example, it is estimated that the oceans harbour more than a million items of plastic trash per person on the planet ( Figure 1F ) [21] . Not only does plastic trash cause problems when ingested by megafauna, such as turtles, but plastics also contribute to a rapidly-emerging problem known as 'microplastics' as they degrade. Microplastics are small enough to interfere with basic life functions, such as feeding, which can lead to partial starvation in marine animals. Combatting such problems is complex and requires social, behavioural and economic change on the part of humanity.
The underwater world also appears to be getting noisier, prompting many in the fi eld of bioacoustics to explore impacts on wildlife [22] . Studies are now providing experimental evidence that human noise not only stresses animals but that the stress has deleterious demographic consequences. For example, the noise from boat engines in a coral reef lagoon was suffi cient to cause stress in a common reef fi sh and increase its susceptibility to predators such that mortality rates approximately doubled during the process of larval settlement on the reef [23] .
Indeed, the study of stress in marine organisms has blossomed in recent years, particularly given concerns over climate change and ocean acidifi cation [24] . In many cases, changes in environmental stress are driving marine organisms in search of more hospitable environments. A particularly striking phenomenon is the 'tropicalisation' of temperate marine ecosystems that sit just outside tropical latitudes [25] . Unlike tropical coral reefs, temperate rocky reefs are often dominated by large fl eshy seaweeds. However, the encroachment of tropical herbivorous fi shes into 'temperate zones' is disrupting ecosystems by denuding seaweeds [26] . The consequences of such fundamental changes in ecosystem structure are only beginning to be explored.
An intriguing aspect of climate change research is that it seems to become more diffi cult the more we learn. Early projections of the consequences of ocean acidifi cation imagined a steady connectivity data have led to diverse applications including the design of marine reserves [10] and strategic targeting of eradication of pest species, such as the crown-of-thorns starfi sh ( Figure 1B ) that plague the Great Barrier Reef [11] . Advanced computing also lies at the heart of the open source statistical language R, which is not only fostering unprecedented collaboration among scientists as they share dedicated software code, but also elevating the sophistication of analytical approaches so that they are able to make the best use of data. For example, sophisticated statistical techniques have allowed underlying declines in coastal water clarity in Australia to be associated with trends in agriculture and river runoff while accounting for a variety of other factors such as waves and tides [12] .
Advances in genetics are making a marked impact on our understanding of marine ecosystems. At one extreme, falling laboratory costs have allowed data-intensive sampling practices to become economically feasible [13] . An important application of cheaper genetic sampling is the study of fi sh dispersal. Extensive sampling of adult fi sh populations has allowed juveniles to be assigned to specifi c spawning locations and provided evidence that fi sh stocks protected in reserves have a disproportionately high infl uence in replenishing harvestable stocks [14] . At the other extreme, the emergence of environmental DNA (eDNA), whereby traces of organisms in the water column, be it emanating from mucus, faeces or even urine, provide a remarkably sensitive way to detect the presence of species, including those that are rare and therefore diffi cult to sample through conventional means [15] . Samples of seawater from the coast of Denmark, for example, detected a suite of fi sh species -as expected -but also the presence of transient birds, thereby providing an ecosystem-wide perspective on biodiversity [16] . Thus, new technology is reinvigorating longstanding questions of biodiversity.
Biogeochemical tools, such as stable isotopes, continue to provide important insights into the ecology of marine ecosystems [17] . In some cases, however, a re-evaluation of the biological assumptions of isotopic methods has shed new light on ecological relationships. Because the fraction of Current Biology 27, R431-R510, June 5, 2017 R433 but slow increase in partial pressure of CO 2 (pCO 2 ) over decades. Yet, we now know that the biogeochemistry of vulnerable biogenic habitats, such as coral reefs, is hugely variable even on a diurnal basis [27] . This presents two fundamental challenges. First, how will coral reef biogeochemistry respond to potentially slow and large-scale oceanographic processes of ocean acidifi cation? Will there simply be a global shift in the mean pCO 2 or more complex dynamics? Second, how do organisms respond to these potential changes while already experiencing such dynamic environmental conditions? The use of computer-controlled aquaria that mirror ambient dynamics [28] and long-term intergenerational studies are important steps in trying to answer these questions.
Some biological questions seem to be persistently challenging. Continuing the theme of climate change, many have wondered about the degree to which marine organisms will adapt to elevated stress. Yet, it seems that scientists in different disciplines have fundamentally different ways of viewing such questions. In a conversation with my colleague, Bernie Degnan, it became clear that ecologists and physiologists tended to underappreciate the evolutionary promise of data from experiments. Take, for example, a study of the effect of ocean acidifi cation on coral calcifi cation (Figure 2) . The experimenter will tend to focus their analysis on the difference in mean calcifi cation from one level of ocean acidifi cation to another. Here, variance among replicates is implicitly considered to be a nuisance that reduces statistical power. Yet, that variance also provides insight into the level of natural variation among even a small sample of individuals. When such variability is projected across the often-vast size of natural populations, it provides important clues to the genetic diversity upon which evolution can act. Progress in understanding evolutionary potential will have a direct bearing on setting priorities for how marine ecosystems are managed, particularly in terms of which environments to prioritise [29] .
Managing the oceans
The fate of the oceans sits at the heart of global carbon policies agreed under the United Nations Framework Convention on Climate Change. In particular, the phenomenon of ocean acidifi cation is an important reason for considering reductions in CO 2 emissions separately from the broader suite of greenhouse gases that cause global warming.
While it is widely agreed that curbing climate change and ocean acidifi cation is core to maintaining marine ecosystems, it has proven diffi cult to articulate a balance between the need for such global action versus strengthening local protection. Many scientifi c articles paint a bleak picture for the future of the more vulnerable marine ecosystems under businessas-usual gas emissions [30, 31] . Sensational media coverage can then cause a feeling of futility on the part of local management agencies [32] ; why should they continue to enact local protections when global impacts will dwarf their good work? There are several problems with this scenario. First, science strongly argues that well-resourced local protection is essential to deliver favourable longterm outcomes [33, 34] . Second, many studies of climate change impactsincluding my own -struggle to represent how organisms will actually respond to a highly dynamic, albeit increasingly stressful, environment and most ignore the scope of adaptation because of the uncertainties explained earlier. Thus, projections are likely to err on the pessimistic side and usually underestimate uncertainty. Third, there is a tendency for policy makers and the public to infer that ecosystems might be lost under global change but this is a fallacy [35] . Ecosystems may certainly change and the services they deliver to people, like fi sheries, may diminish [36] , but the ecosystems will still exist in a modifi ed form. Millions of people will remain heavily dependent on marine ecosystems for their livelihoods and coastal protection, and the task of management will continue to be making the best of what the global environment allows.
Our oceans provide unlimited inspiration for the study of biology and in many cases for communicating some of the earliest casualties of climate change, such as coral reefs [37] and polar seas [38] . Science will continue to face important challenges, not only to further our understanding, but to provide credible future scenarios and design appropriate strategies for management. Global moves towards open access data and collaborative analyses will certainly help confront the trials ahead. But scientifi c progress needs to be accompanied by a nuanced public and political dialog that resists crass scenarios and seeks the best long-term outcome for biodiversity and the vast number of humans that rely on the oceans. Land and sea interact in complex, often surprising ways. Climate change is bound to affect these dynamics deeply. Florian Maderspacher takes a look.
"How inappropriate to call this planet
Earth when it is clearly Ocean." Arthur C. Clarke
It was the best of times -for crocodiles and palm trees, which spread all the way to the poles, and especially for mammals. Several new kinds of mammal sprang up and colonized the globe: the primates, for instance, one branch of which was bound to change the world forever; or the hoofed animals, which gave rise to a group of marine creatures -the whales -that were to roam the oceans of the future. It was 56 million years ago, when Earth experienced the Paleocene-Eocene Thermal Maximum (PETM), the first of several short and steep warming episodes. It also was the worst of times, especially for microscopic organisms deep in the ocean. About half of all benthic foraminiferansshell-building protists that had sailed unscathed through the big die-off at the end of the Cretaceous-went extinct. Global average temperatures had risen by 5 to 8 degrees -which is a lot! -and in some parts the ocean reached nearly 40 degrees Celsius. As warmer water holds less oxygen, large swathes of deeper waters turned anoxic and lifeless. And it was also most likely the deep ocean from where Earth was sent spiraling towards dramatic climate change.
One prime source -as often with climatic events, several causes may play a role -of the massive, several millennia long carbon injection into the Earth system were presumably methane clathrates (sometimes called methane ice) on the sea fl oor. These clathrates form as methane gas resulting from aerobic breakdown of organic matter in the ocean fl oor bubbles up and gets encased by water molecules, forming a kind of ice. The reservoirs of methane held
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